A self-organizing organoid model provides a new approach to study the mechanism of human liver organogenesis. Previous animal models documented that simultaneous paracrine signaling and cellto-cell surface contact regulate hepatocyte differentiation. To dissect the relative contributions of the paracrine effects, we first established a liver organoid using human induced pluripotent stem cells (iPSCs), mesenchymal stem cells (MSCs) and human umbilical vein endothelial cells (HUVECs) as previously reported. Time-lapse imaging showed that hepatic-specified endoderm iPSCs (HEiPSCs) self-assembled into three-dimensional organoids, resulting in hepatic gene induction. Progressive differentiation was demonstrated by hepatic protein production after in vivo organoid transplantation. To assess the paracrine contributions, we employed a Transwell system in which HE-iPSCs were separately co-cultured with MSCs and/or HUVECs. Although the three-dimensional structure did not form, their soluble factors induced a hepatocytelike phenotype in HE-iPSCs, resulting in the expression of bile salt export pump. In conclusion, the mesoderm-derived paracrine signals promote hepatocyte maturation in liver organoids, but organoid selforganization requires cell-to-cell surface contact. Our in vitro model demonstrates a novel approach to identify developmental paracrine signals regulating the differentiation of human hepatocytes.
INTRODUCTION
The ability to produce differentiated functional hepatocytes from human induced pluripotent stem cells (iPSCs) presents a major opportunity to directly study mechanisms of human liver disease, to perform high-throughput drug screening for new therapies, and to facilitate hepatocyte transplantation (Baxter et al., 2010; Colman and Dreesen, 2009; Forbes et al., 2015; Haridass et al., 2008; Yi et al., 2012) . Functional hepatocytes derived from iPSCs are in a relatively immature state, with a gene expression pattern similar to that of the embryonic liver (Si-Tayeb et al., 2010) . Recent embryology studies have discovered the crucial roles of the surrounding mesenchymal and endothelial cells in the formation of the liver primordium from the endoderm (Matsumoto et al., 2001) . These mesodermal cells govern the specification of liver progenitors and control their fate by creating an embryonic niche that promotes liver development. Recapitulating this embryonic niche presents a novel approach to guide hepatic differentiation and liver organoid morphogenesis from iPSCs (Takebe et al., 2013) .
iPSCs cultured in the presence of human umbilical vein endothelial cells (HUVECs) and mesenchymal stem cells (MSCs; from human bone marrow) form a three-dimensional (3D) liver organoid that enables further hepatic differentiation (Takebe et al., 2013) . Direct cell-cell contact of MSCs with the other cells appears to be required to induce liver organoid morphogenesis (Takebe et al., 2015) . However, the contact-dependent or paracrine factors regulating hepatic differentiation remain unknown. We hypothesized that soluble factors, independent of cell-cell contact, regulate hepatic differentiation of iPSCs. To test this hypothesis, we first documented the transcriptional profile of the organoid and individual cell types, and molecularly defined the different stages of organoid development. Then, we created a two-chamber culture system that prevents iPSC contact with HUVECs and MSCs while maintaining exposure to their soluble factors. We found that organoid morphogenesis requires direct cell-cell contact. Furthermore, we found that iPSCs cultured in the presence of, but without contact with, HUVECs or MSCs manifest the epithelial phenotype of hepatocyte differentiation, including high levels of albumin secretion, canalicular proteins, tight junctions and other functional markers.
RESULTS iPSCs directly interact with HUVECs and MSCs during liver organoid formation
We first investigated morphogenesis of the liver organoid and focused on the behavior of HUVECs. To examine positional relationships of hepatic-specified endoderm iPSCs (HE-iPSCs) to HUVECs and the morphological dynamics of organoid formation, we precisely mapped the spatial distribution of HE-iPSCs and HUVECs by whole-mount staining with antibodies against alpha fetoprotein (AFP; hepatoblast marker) and CD31 (also known as PECAM1; HUVEC marker) followed by fluorescence confocal microscopy. We examined cellular distribution at 6 h, 24 h, 48 h, day 4 and day 6 after starting co-culture (Fig. 1A) . At 6 h of co-culture, AFP + and CD31 + cells began to self-cluster while forming a disc-like structure (Fig. S1) . At 24 h, confocal image analysis revealed spatial proximity of AFP + cells to HUVECs at the inner surface of the organoid disc margin, where HUVEC tubular structures extended into an AFP + band-like layer (Fig. 1B) . At 48 h, the AFP + cells formed small clusters in a HUVEC web-like structure in addition to a circular band-like layer at the periphery of the organoid (Fig. 1C) . At days 4 and 6, as the organoid condensed in size, the HUVEC network extended. These observations suggested that the HE-iPSCs and HUVECs maintain spatial proximity during dynamic liver organoid morphogenesis, raising the possibility that they might exert paracrine effects.
To quantify the extent of hepatic differentiation induced by cell-cell interaction during liver organoid formation, we measured changes in the organoid transcriptome at time points corresponding to the self-organization and condensation of the organoid (days 2, 4, 6; n=3 each). We determined gene expression profiles by RNA-seq, as compared with additional samples obtained from human liver tissue and primary cultured human hepatocytes. First, to select liverrelated genes, we identified 3146 that were enriched in expression in the primary hepatocytes (≥2-fold). Next, an analysis of the most significantly altered group of genes in the liver organoids (expression levels ≥2-fold) showed enrichment of 442 genes in day 2 liver organoids (LO-D2). Applying hierarchical clustering and phylogenetic tree analysis, these LO-D2 genes clustered into one subgroup and day 4 (LO-D4) and day 6 (LO-D6) into another, with distinct patterns of differentially expressed genes between the two subgroups ( Fig. 2A) . Gene expression profiles of LO-D2 were similar to that of primary cultured human hepatocytes. Notably, although a substantial number of gene transcripts maintained a similar level of expression in LO-D4 and LO-D6, the lower expression of some genes suggests that prolonged culture of liver organoids in the current culture conditions might not be suitable for the maintenance of hepatocyte differentiation.
To further examine whether these genes were induced de novo by cell-cell interaction during organoid formation, we compared the LO-D2 gene expression profiles with that of individual cells cultured alone (Fig. 2B) . We found that most of the genes are not expressed before co-culture, indicating that co-culturing different cell types induced new genes that are important for hepatocyte differentiation. Collectively, these results indicate that spatial proximity of HE-iPSCs to HUVECs (and MSCs) at complex interfaces correlates with the peak expression of genes important for hepatic differentiation during the first 48 h of organoid morphogenesis, suggesting a crucial role for cell-cell interaction during liver organoid development.
To determine whether liver organoids are capable of functioning as mature liver tissue, organoids at day 2 culture were implanted under the kidney capsule of immunodeficient mice. Three weeks after implantation, serum levels of human albumin (increasing up to (Tables S1 and S2 ) in the profile of LO-D2 that are shared with the PH and Li profiles (in A) and their expression in MSCs cultured alone, in HUVECs alone, in cell mixture at the time of plating of iPSCs+MSCs+HUVECs (liver organoid day 0, LO-D0), in hepatic-specified endoderm iPSCs (HE-iPS), in definitive endoderm iPSCs (DE-iPS) and in undifferentiated iPSCs (UD-iPS).
284 ng/ml at 8 weeks) and alpha-1 antitrypsin (A1AT) (increasing up to 206 ng/ml at 8 weeks) were detected, further suggesting hepatic maturation of the liver organoid in vivo (Fig. S2) . The albumin concentration was lower than that found in human serum, which contains 40 mg/ml, but the concentration of A1AT was closer to that of human serum (2 μg/ml). Neither human albumin nor A1AT was detected in the serum of mice that were implanted with human MSCs under the kidney capsule.
Direct surface contact of stem cells is required for the 3D formation of liver organoids Based on the finding that spatial proximity of HE-iPSCs with HUVECs correlates with hepatic differentiation of the organoid, we examined whether direct surface contact is required for liver organoid morphogenesis by applying a two-chamber culture system for multicellular co-culture. In this two-chamber culture system, cell surface contact was prohibited by a permeable membrane interposed between HE-iPSCs and HUVECs and/or MSCs. In the two-story well, HE-iPSCs were cultured on a Matrigel-coated micropore membrane in the upper chamber, and HUVECs and/or MSCs were cultured in the lower chamber in the same medium used for the liver organoid culture (Fig. 3A) . When cultured with HUVECs and/or MSCs, the HE-iPSCs in the upper chamber did not undergo induced 3D morphogenesis; instead, they formed a monolayer on the membrane. This indicates that surface contact of HE-iPSCs with non-parenchymal cells (HUVECs and MSCs) is required for organoid morphogenesis.
To quantify hepatic differentiation of the HE-iPSC monolayer, we serially monitored the albumin concentration in the culture supernatant by ELISA in various two-chamber co-culture combinations ( Fig. 3B ; n=8 at each time point and co-culture condition). At day 12 of culture, HE-iPSCs/MSCs produced albumin at a rate of 2.44±0.24 μg/ml per 24 h and HE-iPSCs/ HUVECs at a rate of 2.28±0.24 μg/ml per 24 h; this is a 25-fold and 24-fold increase, respectively, in albumin production over that of HE-iPSCs without co-culture (95.8±32.7 ng/ml per 24 h; P<0.001). This indicates that paracrine signals produced by HUVECs or MSCs induce hepatic differentiation of HE-iPSCs. Contrary to our expectation, when co-cultured with MSCs and HUVECs together in the lower chamber, HE-iPSCs produced albumin at a lower rate than HE-iPSCs/MSCs or HE-iPSCs/HUVECs (741±122, 757±247 and 665±169 ng/ml per 24 h at day 8, 10 and 12; all P<0.001). To confirm the source of albumin, we measured mRNA expression of ALB in MSCs, HUVECs and MSCs+ HUVECs, which were cocultured with HE-iPSCs for 12 days. ALB mRNA was not detected in MSCs, HUVECs or MSCs+HUVECs (Fig. S3) . We also quantified A1AT production in the same set of culture supernatants and found a pattern of production similar to that of albumin. Neither albumin nor A1AT was produced by HUVECs or MSCs when cultured by themselves in the same culture medium. In each co-culture condition, viable cell numbers of HE-iPSCs were comparable at day 8 and 12. These results indicate that paracrine signals produced by MSCs or HUVECs induce hepatic differentiation of HE-iPSCs. In addition, the different albumin and A1AT production rates under differing culture conditions (MSCs alone or HUVECs alone versus MSCs+HUVECs) suggested that the co-culturing interaction of MSCs and HUVECs in the lower chamber altered the differentiation of HE-iPSCs.
Because of the noted difference in albumin and A1AT production in the co-culture of HE-iPSCs with both MSCs and HUVECs in the lower chamber (HE-iPSC/MSC+HUVEC triple culture), we monitored morphological changes in the lower chamber during the mixed culture of MSCs and HUVECs, as compared with MSCs alone or HUVECs alone in the lower chamber (Fig. S4) . When cultured together, MSCs and HUVECs formed cell clusters and showed distinct cellular morphology by day 4. Viable cell numbers of co-cultured MSCs and HUVECs in the lower chamber were comparable to those of MSCs alone or HUVECs alone, indicating that co-culture did not compromise cell survival. These results raised the possibility that MSC-HUVEC cell-cell interaction triggers changes in the production of paracrine soluble factors, which might lead to the modified differentiation of HE-iPSCs.
The morphology, gene expression and function of the HEiPSC monolayer
The HE-iPSCs in the upper chamber exhibited a polygonal cellular morphology with occasional diploidic nuclei, resembling mature hepatocytes (Fig. 4A ). When cultured without cells in the lower chamber, HE-iPSCs exhibited a morphology similar to that of immature endoderm cells, and unlike epithelial cells (Fig. S5) . We characterized the expression pattern of hepatic proteins in HE-iPSCs to examine whether the polygonal monolayer cells differentiated to hepatocytes. Immunohistochemical staining with Hematoxylin counterstaining revealed that the large polygonal cells expressed albumin, A1AT, and the hepatic functional marker carbamoylphosphate synthase 1 (CPS1) (Fig. 4A ). The cholangiocyte markers keratin 7 (CK7) and keratin 19 (CK19) were not expressed.
To investigate the protein expression pattern of the monolayer cells in the upper chamber induced from HE-iPSCs, we double stained the monolayer with antibodies against albumin and A1AT and found double and single expressing cells (Fig. S6 ). Double staining for A1AT and CPS1 showed that they had similar expression patterns. These co-expression/single-expression patterns of hepatic proteins resemble that seen in mature hepatocytes in liver tissue.
Next, we measured the expression levels of liver-specific genes in the hepatocyte-like cells at day 8 ( Fig. 4B ; n=4 for each combination of two-chamber culture). In addition to ALB and A1AT, transthyretin (TTR), hepatocyte nuclear factor 4 alpha (HNF4a), glycogen phosphorylase L (PYGL; an enzyme involved in glycogen metabolism), CPS1 and ceruloplasmin (CP) were quantified. Most of these genes were upregulated after 8 days of two-chamber coculture as compared with the culture of HE-iPSCs only. When compared with primary hepatocytes in order to measure the degree of hepatic differentiation, the hepatocyte-like cells (with MSCs or HUVECs) expressed more A1AT (SERPINA1), TTR, HNF4a and PYGL, but less ALB, CPS1 and CP. Comparison among co-culture combinations revealed significant variations in each gene expression level. The HE-iPSC/HUVEC and HE-iPSC/MSC cultures showed higher expression levels of most liver-specific genes than that found in the HE-iPSC/MSC+HUVEC culture. Collectively, our results demonstrated that paracrine signals produced by MSCs or HUVECs are sufficient to induce hepatic differentiation of HE-iPSCs, yet some liver genes were not fully upregulated.
To further examine hepatic function, we measured urea production and glycogen accumulation of the hepatocyte-like cells (Fig. S7) . After 8 days of co-culture with HUVECs and/or MSCs in the two-chamber system, the culture supernatants of hepatocyte-like cells were collected after 48 h of culture and the urea concentrations measured. The hepatocyte-like cells released urea into the culture supernatant at similar levels for the co-culture combinations, whereas little urea was produced by HE-iPSCs alone. Glycogen accumulation in the cytoplasm was demonstrated by PAS staining of the hepatocyte-like cells after 8 days of co-culture with HUVECs in the lower chamber. A similar staining pattern was seen in hepatocyte-like cells in the co-culture of MSCs, HUVECs and MSCs+HUVECs.
Cellular polarity and bile acid transport of hepatocyte-like cells
To demonstrate other functional features of hepatocyte-like cells, we investigated their polarity by transmission electron microscopy ( Fig. 5A) . The hepatocyte-like cells exhibited microvilli on the surface opposite the monolayer. Each cell was connected to adjacent cells with a desmosome-like structure (Fig. 5B) , suggesting the formation of tight junctions. This was confirmed by immunostaining of the tight junction protein ZO-1 (TJP1) (Fig. 5C) , with signals on the polygonal border of every hepatocyte-like cell. A z-stack analysis of 3D-reconstructed confocal images revealed focal localization of ZO-1 on the lateral membrane, consistent with the tight junction pattern of typical epithelial tissues. In keeping with polarization, the albumin concentration in the lower chamber was ∼3-to 5-fold higher than that of the upper chamber when HE-iPSCs were co-cultured with MSCs or HUVECs ( Fig. 5D ; P<0.001).
We also found that the bile salt export pump (BSEP) was expressed in monolayer cells (Fig. 5E ). To determine its precise cellular location, we performed immunofluorescent confocal microscopy imaging and determined that BSEP was localized on the apical and lateral membranes. On the apical membrane at the level of ZO-1-positive tight junctions, BSEP was visualized in a fine granular pattern, suggesting that it is expressed on the microvilli, which is seen in the electron microscopy images. We further measured the gene expression of BSEP (ABCB11) in hepatocytelike cells in co-culture with MSCs and/or HUVECs as compared with HE-iPSCs only (Fig. S8A) . The hepatocyte-like cells with MSCs and/or HUVECs expressed more BSEP than cells from HEiPSCs only. In the HE-iPSC-only culture, rare cells expressed BSEP, as shown by immunofluorescent staining (Fig. S8B ).
Further, we tested the ability of the hepatocyte-like cells to transport bile acids from the basolateral membrane (lower chamber) to the apical membrane (upper chamber). First, by quantifying transepithelial electrical resistance (TEER), we demonstrated an epithelial barrier function of the hepatocyte-like cells. In all co-culture conditions, the TEER was >400 mΩ cm 2 ; HE-iPSCs cultured alone had no significant TEER. Second, we measured the uptake of the fluorescently labeled bile acid cholylglycylamidofluorescein (CGamF) into the intracellular compartment. After 60 min of CGamF incubation, cells were lysed by NaOH and fluorescence intensities of the lysates were quantified. Hepatocyte-like cells co-cultured with HUVECs showed comparable bile acid uptake to primary adult mouse hepatocytes (Fig. 5F ) and significantly higher uptake than that of HE-iPSCs only. To test bile acid transport, we measured the concentration of CGamF in the upper chamber when it was initially loaded in the lower chamber and compared it with the bile acid concentration measured in the lower chamber when loaded in the upper (Fig. 5G) To characterize growth factors and differentiation signals produced by MSCs and HUVECs, we performed a high-throughput proteomic analysis of the culture supernatant. The supernatants from each co-culture combination (HE-iPSC/MSC, HE-iPSC/ HUVEC, HE-iPSC/MSC+HUVEC, HE-iPSC only) were collected and subjected to a SOMAscan assay, which captures specific proteins by pre-designed aptamers. The assay quantified 1180 proteins simultaneously in each supernatant; 228 proteins that changed by ≥3-fold compared with the levels seen in HE-iPSCs only were selected for further analysis (Fig. 6) . Detailed results of the SOMAscan are listed in Tables S5 and S6 . Z-scores of protein expression were used to generate a heatmap for comparison among HE-iPSC/MSC, HE-iPSC/HUVEC, and HE-iPSC/MSC+HUVEC cultures. Cluster analysis of the 228 proteins identified two main groups (Table S7 ). The first group (cluster A) contained 44 proteins upregulated in the lower chamber when HE-iPSCs were cultured with MSCs or HUVECs, whereas the second group (cluster B) comprises 50 proteins upregulated in co-culture of MSCs+ HUVECs in the lower chamber. Results of enrichment analysis of each cluster are provided in Fig. 6 (a full result in Table S8 ). In cluster A, enrichment analysis revealed that the proteins that are abundantly expressed in both HE-iPSC/MSC and HE-iPSC/ HUVEC cultures are typically expressed at the late stage of liver development. Paracrine factors that potentially play roles in hepatic differentiation were identified, including angiotensinogen (ANG), α-2 macroglobulin (A2M) and plasminogen (PLG). In cluster B, we found that the co-culture of MSCs+HUVECs induced a signature in which proteins related to TGFβ and hypoxic response were the most abundantly expressed, indicating that direct cell-cell contact of MSCs and HUVECs induced a distinct secretome signature in the two-chamber culture environment.
DISCUSSION
Our finding that HE-iPSCs differentiate into large polygonal cells with hepatic marker expression and hepatocyte-specific functions provides evidence that paracrine soluble factors secreted by MSCs or HUVECs, without cell-cell surface contact, are sufficient to induce hepatic differentiation. We also demonstrated that co-culture of HE-iPSCs, MSCs and HUVECs induces liver organoid 
001). (E) (i) Immunofluorescent confocal microscopy imaging at low magnification of hepatocyte-like cells showing BSEP (green). (ii) Higher magnification and z-level analysis showing BSEP (green) and ZO-1 (red). (F)
Bile acid uptake by hepatocyte-like cells after 60 min of culture in the two-chamber system in the presence of fluorescent bile acid (CGamF). Intracellular fluorescent bile acid was measured, normalized to cellular protein and compared with controls. The hepatocyte-like cells showed uptake comparable to that of primary mouse hepatocytes (n=5, *P<0.01; n.s., not significant). (G) Bile acid transport by hepatocyte-like cells, with CGamF loaded in the lower chamber and buffer only in the upper chamber. After 60 min of incubation, CGamF concentration in the upper chamber was measured. In control experiments, CGamF was loaded in the upper chamber and measured in the lower chamber after 60 min of incubation.
formation and hepatic differentiation simultaneously, with further hepatic maturation after implantation in vivo. In addition to the finding that direct cell-cell surface contact is necessary for 3D liver organoid morphogenesis, our results indicate that paracrine signals from MSCs or HUVECs are able to promote hepatocyte differentiation independently, but both must co-exist to allow for the cell-cell contact and organization into a 3D liver organoid.
It is important to carefully determine the extent of hepatic differentiation during the establishment of methods to induce ʻhepatocytes' from iPSCs since the degree of induction varies widely from fully functional hepatocytes to hepatocyte-like cells with limited hepatic function (Schwartz et al., 2014) . To develop an in vitro system that allows for further functional differentiation of hepatocytes from iPSCs, we used human hepatocytes in primary culture to determine the relative extent of hepatic maturation in our liver organoids and induced hepatocyte-like cells. When both cellcell surface contact and paracrine signals were engaged, the liver organoids showed an expression profile of hepatocyte-enriched genes similar to that of primary hepatocytes, as previously reported (Takebe et al., 2013) . When cell-cell surface contact was prevented, the paracrine signals alone could induce hepatic differentiation in HE-iPSCs, as was evident by the changes in the gene expression profiles for albumin and A1AT.
When cultured with MSCs or HUVECs, several hepatic marker genes were highly expressed in the hepatocyte-like cells. Although the mRNA levels were lower than those detected in primary hepatocytes, the degree of albumin production of the hepatocytelike cells in our two-chamber system was ∼2.5-fold higher than that previously reported in hepatocyte-like cells induced from iPSCs by Si-Tayeb et al. (2010) . Their method, which consists of the addition of several growth factors in a stepwise fashion into the culture medium, achieved ∼1.5 μg/ml albumin in the supernatant of the 3 day culture. When cultured for 3 days (from day 7 to day 10), our two-chamber culture of HE-iPSCs/MSCs and iPSCs/HUVECs produced albumin concentrations of 4.3±0.13 and 4.4±0.3 μg/ml, respectively, in the culture supernatant. Additionally, CPS1, a liverspecific enzyme of the urea cycle that is exclusively expressed in mature hepatocytes (Butler et al., 2008) , is expressed in our hepatocyte-like cells. We also quantified their function by measuring urea production. Furthermore, we observed morphological features of cellular polarity and tight junctions in the monolayer hepatocyte-like cells. Collectively, the expression pattern of hepatic markers and morphological features provide evidence for additional maturation of hepatocyte-like cells. However, the low expression levels of a few functional genes suggest that the hepatocyte-like cells are less mature than the liver organoids in vivo.
Prior studies support the concept that soluble factors from mesenchymal and endothelial cells induce hepatic differentiation of fetal hepatic progenitors (Tsuruya et al., 2015) . Among the paracrine Fig. 6 . Protein analysis of the culture supernatants. At day 12 of culture, the supernatants of the lower chambers from HE-iPSCs/MSCs, HE-iPSCs/HUVECs, HE-iPSCs/MSCs+HUVECs, and HE-iPSCs were harvested and subjected to a SOMAscan assay in three biological replicates. The relative fluorescence unit (RFU) of each cell co-culture combination was normalized to the RFU of HE-iPSCs cultured alone. Of 1180 tested proteins, 228 showed an at least 3-fold increase. Cluster analysis using Pearson correlation clustered the proteins in two groups (dashed boxes): (1) cluster A with 44 proteins abundantly produced by MSCs and HUVECs, but downregulated in co-culture of MSCs+HUVECs; and (2) cluster B with 50 proteins abundantly produced by the co-culture of MSCs+ HUVECs, but downregulated in MSCs and HUVECs cultured alone. The enrichment analysis by GSEA/MSigDB of each cluster showed that protein sets relate to late liver differentiation in cluster A and to hypoxic responses in cluster B. Each row represents a protein, with expression indicated by the color scale.
soluble factors known to induce hepatic differentiation is hepatic growth factor (HGF), which is produced by MSCs and HUVECs (Ehashi et al., 2007; Kamiya et al., 2001 Kamiya et al., , 2002 . Our proteomic analysis revealed increased expression of HGF in the media from MSCs, HUVECs and MSCs+HUVECs, suggesting that it might serve to induce hepatocyte differentiation of HE-iPSCs. Other growth factors, which are related to late stage liver development, are also found in the secretome of their supernatant, indicating that these paracrine factors from MSCs or HUVECs promote hepatic differentiation in the two-chamber culture. ANG, A2M and PLG, which have been associated with hepatocyte differentiation (or regeneration) in previous studies, are also increased in these cells (Clotman et al., 2005; Gelly et al., 1991; Shanmukhappa et al., 2009; Tiggelman et al., 1997) . Future investigations will directly uncover whether these or other molecules produced by the MSCs and/or HUVECs are mechanistically linked to hepatocyte differentiation. Notably, when MSCs and HUVECs are cultured together, they specifically expressed a protein signature of hypoxic responses, including TGFβ-related factors (TGFBI, INHBA). TGFβ stimulation of human hepatocytes has been reported to reduce albumin production (Busso et al., 1990) and to interfere with hepatocyte maturation (Clotman and Lemaigre, 2006; Touboul et al., 2016) . Based on this finding, it is possible that hypoxia response proteins may play a role in decreasing albumin production and interfering with hepatic maturation of HE-iPSCs when MSCs and HUVECs are co-cultured in the lower chamber. Further investigation will determine whether these hypoxic response pathways play a regulatory role in cell maturation in co-culture of HE-iPSCs, MSCs and HUVECs, as well as in liver organoids.
Bile acid transporters, especially BSEP, have not been reported as being upregulated in hepatocyte-like cells induced in vitro from iPSCs in prior studies (Schwartz et al., 2014) . That co-culture in the two-chamber system promoted the differentiation of cells with BSEP expression, along with their ability to uptake and transport bile acids, adds important biological features to our system. With these functional properties, the system can be used to study the mechanisms of disease due to canalicular dysfunction, as well as for drug screening. However, the full extent of differentiation remains unclear, as we have not yet tested the complete functional repertoire of the hepatocyte canaliculus, which is key for appropriate drug metabolism and bile acid synthesis. If needed, further improvement in the co-culture system, perhaps by the use of a matrix sandwich or changes in oxygenation, could foster further cellular maturation (Deharde et al., 2016; Noel et al., 2013; Xiao et al., 2014) .
The two-chamber culture system described here provides a simplified approach that might be particularly useful for studies of drug metabolism or to model human diseases at the cellular level. Using iPSCs, Takayama et al. (2014) reported the application of induced hepatocyte-like cells in drug metabolism assays. Our study supports the potential for human hepatocyte-like cells to be used in drug screening and toxicological assays. Examples include the use of the two-chamber culture system to dynamically measure bile acid transport between chambers, thus enabling pharmacokinetic studies of bile acid transporters (Araki et al., 2005; Ghatak et al., 2015; Mita et al., 2006) . Based on the comparable functional profiles of HE-iPSCs with MSCs or HUVECs (for example, secretion of albumin and A1AT and bile acid uptake/transport), both experimental conditions might be similarly useful for drug screening. When taking into account the higher expression of HNF4a and PYGL mRNA in the HE-iPSC/HUVEC combination, one might argue that this particular cell co-culture system fosters better maturation and might be preferable.
In summary, by dissecting the mechanism of organoid formation, our study shows that paracrine signals produced by MSCs or HUVECs promote hepatic differentiation in HE-iPSCs without direct surface contact of cells. Our demonstration that the induced hepatocyte-like cells show epithelial polarity and tight junctions provides a foundation for experimental studies, including drug screening and bile acid transport assays. With this methodology, it will be possible to undertake personalized studies using patientderived iPSCs for therapeutic drug screening for liver diseases and for toxicology experiments.
MATERIALS AND METHODS

Human liver and primary cultured human hepatocytes
The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the Institutional Review Board of Cincinnati Children's Hospital Medical Center. Human primary hepatocytes were purchased from Gibco Fresh Hepatocytes Service (Thermo). After shipment on ice, plated hepatocytes were incubated at 37°C in a humidified 5% CO 2 environment in Williams Medium E (Thermo) supplemented with Primary Hepatocyte Thawing and Plating Supplements (Thermo) for 48 h before being subjected to RNA extraction.
Generation of liver organoids
All cell types were incubated at 37°C in a humidified 5% CO 2 environment. iPSCs (clone code TkDA3) were kindly provided by K. Eto and H. Nakauchi (Tokyo University). Undifferentiated human iPSCs were maintained in mTeSR medium (Stemcell Technologies) on Matrigel (Corning)-coated feeder-free plates. HUVECs and MSCs were purchased from Lonza and maintained in Endothelial Growth Medium (EGM) or MSC Growth Medium (Lonza). Protocols for endoderm differentiation, hepatic specification, and liver organoid formation were as described previously (Takebe et al., 2014) . Briefly, for definitive endoderm differentiation, iPSCs were dissociated by Accutase (Stemcell Technologies) and plated onto a Matrigel-coated dish. Medium was replaced with RPMI1640 containing 1% B27 without insulin (Life Technologies), 1 mM sodium butyrate (for the first 3 days), recombinant Wnt3a (R&D Systems; 50 ng/ml) and activin (R&D Systems; 100 ng/ml) for 5 to 6 days. For hepatic specification, definitive endoderm iPSCs (DE-iPSCs) were further treated with KnockOut DMEM (KO-DMEM) containing 20% knockout serum replacement, 1 mM L-glutamine, 1% non-essential amino acids, 0.1 mM 2-mercaptoethanol (all from Invitrogen) and 1% DMSO (Sigma) for 3 days. Hepatic-specified endoderm iPSCs (HE-iPSCs) were then dissociated with TrypLE (Gibco) and mixed with dissociated MSCs and HUVECs at a ratio of 10:2:7. The cell mixture was plated on Matrigel bed (50% dilution of neat Matrigel, solidified at 37°C for 15 min) with medium for the liver organoid selforganization culture (LO medium). The LO medium consisted of 50% Hepatocyte Culture Medium (HCM, Lonza) and 50% EGM (Lonza). HCM was supplemented with HCM BulletKit (Lonza): transferrin, hydrocortisone, BSA fatty acid free, ascorbic acid, insulin, GA-1000, omitting human epidermal growth factor. EGM was supplemented with EGM BulletKit (Lonza): bovine brain extract, hEGF, hydrocortisone, fetal bovine serum (FBS), GA-1000 and ascorbic acid. After mixing HCM and EGM, 10 ng/ml recombinant hepatocyte growth factor (Sigma), 20 ng/ml recombinant oncostatin M (R&D Systems), 100 nM dexamethasone (Sigma), and 2.5% FBS (CELLect Gold, MP Biomedicals) were added to complete LO medium.
RNA-seq of liver organoids in hepatic differentiation
RNA isolation, cDNA synthesis and sequencing on Illumina HiSeq 2000 are described in the supplementary Materials and Methods. The RNA-seq reads were aligned to the human genome (GRCh37/hg19) using TopHat (version 2.0.13). The alignment data from TopHat were fed to an assembler, Cufflinks (version 2.2.1), to assemble aligned RNA-seq reads into transcripts. Annotated transcripts were obtained from the UCSC genome browser (http://genome.ucsc.edu) and the Ensembl database. Transcript abundances were measured in fragments per kilobase of exon per million mapped reads (FPKM). The FPKM for each condition was normalized to the median of all samples, which is described as ʻrelative gene expression' on a log scale. First, to focus on genes related to the liver, we identified 3146 significantly overexpressed genes in primary hepatocytes by selecting ≥2-fold relative gene expression, using one-way ANOVA test, P<0.01 and Benjamini-Hochberg multiple testing correction (see Table S1 for a full gene list). From the 3146 genes, a set of 442 genes was generated by selecting ≥2-fold relative gene expression in the day 2 liver organoid. A heatmap of the 442 genes in all conditions was produced (red, upregulated genes; blue, downregulated genes; see Table S2 for a full gene list). Hierarchical clustering analysis of the 442 gene expression profile was generated using GeneSpring 13.0-GX.
Liver organoid implantation into mice
Immunodeficient NOD scid gamma or NSG mice (8-12 weeks old, male; Jackson Laboratories) were kept according to protocols approved by Institutional Animal Care and Use Committee standards at Cincinnati Children's Hospital Medical Center. NSG mice were fed Bactrim Chow (Test Diet). The liver organoids at day 2 of culture were implanted under the kidney capsule, as previously described (Takebe et al., 2013) and detailed in the supplementary Materials and Methods.
Two-chamber culture
Twelve-well Transwell plates (Corning) with 0.4 μm-pore membrane insert were used. The membrane was coated with 7% Matrigel at room temperature for 15 min before use. After dissociation with TrypLE at 37°C for 5 min, washed 2.5×10 5 HE-iPSCs were plated in the upper chamber (2.23×10 5 cells per cm 2 ); 2.5×10 5 HUVECs or 7.5×10 4 MSCs, or both together were plated in the lower chamber. As a reference, HE-iPSCs without cells in the lower chamber were cultured. The cells were cultured with LO medium in both chambers, with daily change of medium. We omitted HGF and oncostatin M (R&D Systems) from the LO medium in order to limit extrinsic growth factors.
Bile acid uptake assay and transcellular transport assay
The transcellular transport of bile acids was measured by the translocation of fluorescently labeled bile acid (CGamF; a kind gift from Dr Hofmann) between the culture chambers as previously described in the two-chamber Transwell system (Hofmann et al., 2010; Mita et al., 2005 Mita et al., , 2006 . Briefly, after hepatic differentiation of HE-iPSCs in the two-chamber culture, hepatocyte-like cells on the Transwell membrane were pre-incubated with a transport buffer (118 mM NaCl, 23.8 mM NaHCO 3 , 4.83 mM KCl, 0.96 mM KH 2 PO 4 , 1.20 mM MgSO 4 , 12.5 mM HEPES, 5 mM glucose, 1.53 mM CaCl 2 , adjusted to pH 7.4) for 20 min. Transepithelial electrical resistance (TEER) was measured with an EVOM2 probe (WPI). For the uptake assay, the cells were incubated with 10 µM CGamF for 60 min and supernatants were washed three times with PBS. Then cells were lysed with NaOH and the fluorescence intensity of the cell lysates measured at 490 nm. Fluorescence intensity was normalized to the protein amount in the cells, as measured by Bradford assay. For the basolateral to apical transport assay, 10 µM CGamF was added to the lower chamber and the transport buffer only to the upper chamber. Sixty minutes later, the transport buffer in the upper chamber was collected and fluorescence intensity measured at 490 nm. The fluorescent intensity was normalized to protein amounts of the hepatocyte-like cells. For apical-basolateral transport, CGamF was added to the upper chamber and fluorescence measured in the lower buffer.
Protein analysis by SOMAscan
The culture supernatants of the two-chamber system were collected after 24 h incubation at day 12. Three biological replicates were collected and combined as equal volumes, then submitted to the high-throughput SOMAscan assay in the laboratories of SOMALogic to quantify proteins as previously described (Hathout et al., 2015; Loffredo et al., 2013; Nahid et al., 2014) . In brief, SOMAscan uses aptamers to precisely quantify 1180 proteins simultaneously in small fluid aliquots, at three different concentrations (5%, 0.3%, 0.01%) to measure proteins within the dynamic range of detection. The assay uses an equilibrium binding in solution of fluorophore-tagged SOMAmers and proteins, with a final capture of the nucleic acid, which is hybridized to a high-density antisense probe array to generate fluorescent signals that are directly related to the abundance of proteins in the original conditioned medium. After signal filtering (signal curating, normalization, fold change, cluster analysis), we obtained heatmap images with cluster analysis with GENE-E software (version 3.0.215, Broad Institute) . Of the 1180 proteins tested, 228 in the supernatants of MSCs, HUVECs or MSCs+HUVECs were upregulated 3-fold or higher compared with iPSC-only culture supernatant. The proteins in the cluster were analyzed by the Gene Set Enrichment Analysis/Molecular Signature Database (GSEA/MSigDB, Broad Institute). We performed data validation of the assay by testing the albumin concentration using both ELISA and SOMAscan in aliquots from the same culture supernatant (Fig. S9) .
Mouse primary hepatocyte isolation
Primary hepatocytes were isolated from male wild-type mice by collagenase perfusion through the portal vein (see the supplementary Materials and Methods).
Measurement of albumin, A1AT and urea
Human albumin and A1AT in the culture supernatant were quantified using ELISA kits (Bethyl Laboratories). Urea was measured using the QuantiChrom Urea Assay Kit (BioAssay Systems). For details, see the supplementary Materials and Methods.
Quantitative PCR
The Brilliant III SYBR Green QPCR Master Mix Gene Expression Assay Kit and Mx3005p system (Stratagene) were used to quantify mRNA of target genes by real-time PCR as described in the supplementary Materials and Methods and Table S3 .
Immunostaining of cultured cells
Protocols for immunostaining of monolayer cells on the Transwell membrane and formalin-fixed paraffin-embedded liver organoids were modified from previous reports (Shivakumar et al., 2004) . For details, see the supplementary Materials and Methods and Table S4 .
Periodic acid Schiff (PAS) staining
Cells were incubated with periodic acid for 5 min, washed with distilled water, and incubated with freshly prepared Schiff's solution; nuclei were then stained with Hematoxylin. For details, see the supplementary Materials and Methods.
Whole-mount staining of liver organoids
At 6 h, 24 h, 48 h, 4 days and 6 days of co-culturing, liver organoids were fixed and stained using a protocol (supplementary Materials and Methods) modified from a previous study (Dipaola et al., 2013) .
Transmission electron microscopy
Monolayer hepatocyte-like cells on the Transwell membrane were fixed and embedded in LX-112 (Ladd Research Industries). The monolayer was ultrathin sectioned and viewed using a Hitachi H7650 electron microscope. For details, see the supplementary Materials and Methods.
Statistics
All in vitro experiments were performed at least in triplicate. The numbers of mice or tissues used in each experiment are presented in the text or figure legends. Experimental values are expressed as mean±s.e.m., and statistical significance was determined by two-tailed Student's t-test or by one-way or two-way ANOVA for comparison between three or more groups, followed by Bonferroni's multiple comparison post-hoc test with significance set at P<0.05. Statistical analysis and graphic description were performed using GraphPad Prism (GraphPad Software).
